ABSTRACT Computer simulations are often an attractive alternative to experimental work carried out to reinforce theoretical concepts learnt in lectures. In this article MATLAB is used to demonstrate the ease with which many communication systems can be simulated and their behaviour analysed. To illustrate this, the essential codes for the MATLAB simulations are provided, together with sample results for both analogue and pulse modulation schemes.
INTRODUCTION
The increasing availability of fast personal computers is making simulation techniques effective for teaching in many areas. Many systems can easily be computer-simulated and their behaviour analysed under different working conditions. The results can then be collected and displayed rapidly. The accuracy of results may increase compared with the hardware approach where the students need to read and document information from various instruments.
The aim of this article is to demonstrate ways in which communication systems can be simulated using a programming language called MATLAB1. A brief description of MATLAB language is provided. Two typical case studies are used to demonstrate the effectiveness of MATLAB in simulating communication systems. A typical communication system consists of a transmitter, channel and receiver and is shown in Fig. 1 . Also shown is the noise source which is added to the modulated signal. The first case study demonstrates
FIG. 1 A typical communication system block diagram.
amplitude modulation, whereas the second case study introduces the pulse modulation technique.
Brief introduction to MAT L AB
The MATLAB software was initially developed to be a 'matrix laboratory'. It has gradually evolved to be an interactive programming language for scientific and engineering computation. The basic units of operation in MATLAB are matrices. MATLAB enables matrices to be easily manipulated; for example, they can be added, subtracted, multiplied, divided, transposed, etc. MATLAB has numerous tool boxes which allow complex scientific and engineering mathematical operations to be carried out with a minimum amount of programming. MATLAB programming language is developed in such a way that it can be learnt with ease2. The order in which the statements are executed can be controlled by the use of flow control statements such as IF, FOR and WHILE.
MODULATION
Modulation is an essential process in communication since it enables multiple signals to be transmitted simultaneously over a common medium or communication channel. The process involves transferring the spectrum of the signal to be transmitted (i.e. the modulating signal ) to a higher frequency. The process involves using a signal known as the carrier. For a sinusoidal carrier, either its amplitude, frequency or phase can be varied by the modulating signal. When its amplitude is varied in accordance with the modulating signal, the form of modulation is known as amplitude modulation. On the other hand if its frequency or phase are varied, the result is frequency or phase modulation, respectively.
Case study 1: amplitude modulation (AM)
Amplitude modulation is used in applications such as radio and television broadcasting. An amplitude-modulated carrier signal, e(t), can be expressed as3
where E c and v c are the amplitude and frequency of the carrier signal, respectively and m(t)=E m cos v m is the modulating signal. The modulation index M=E c /E m . During transmission the transmitted AM signal is contaminated with white Gaussian noise n(t); see Fig. 2 .
The received signal plus noise is given by:
This is then passed through a unity gain band-pass filter, with centre frequency and bandwidth of v c and 2v m , respectively, in order to bandlimit the noise, the output of which is given by:
where n c (t) and n s (t) are the quadrature components of bandlimited noise. To demodulate the received signal it is passed through a non-linear device, the output of which is given as:
Finally, after removing the d.c. components, the modulating signal m(t) is recovered by simply employing a low pass filter with the output given as:
where the first term is the information and the second term is the noise signal. The essential MATLAB code segments for simulating the above AM system are shown in the following sub-sections.
AM MAT L AB codes
The resulting AM signal, with 50% modulation index, and its frequency spectrum, are shown in Figs 
MAT L AB codes for AM plus noise and bandlimited received signal
At the receiver a prediction bandlimiting filter is employed in order to reduce the noise power without affecting the signal, and the results are shown in Figs. 4(a) and ( b).
MAT L AB codes for the AM demodulator
The waveform at the output of the squarer is shown in Fig. 5 (a) and its corresponding spectrum is illustrated in Fig. 5( b) , showing the presence of the modulating signal at the baseband region, frequency component at twice the carrier frequency and a set of sidebands around the carrier components. The modulating signal recovered using a simple 4th order low pass filter, see Fig. 5 (c) and (d). The distortion on the recovered signal, both in time and frequency domain waveforms, is due to addition of high noise voltage (i.e. low signal-tonoise ratio).
Case study 2: pulse width modulation (PW M)
Digital communication systems can be implemented using a variety of different modulation schemes, one of which is based on pulse time modulation (PTM) methods. In PTM schemes one of the range of time-dependent features of a constant amplitude squarewave carrier waveform is used to convey information (see Table 1 ).
In this case study a PTM scheme known as pulse width modulation (PWM) was selected. PWM is an attractive scheme for transmission of analogue and data signals compared with purely digital modulation techniques3-6. In PWM the width of a constant amplitude pulse carrier is changed according to the sample values of the modulating signal. A block diagram and waveforms associated with a simple PWM system are shown in Fig. 6 . At the transmitter the analogue signal and a sawtooth ramp are compared directly at the input of a comparator. The output of the comparator is the PWM pulse train with a constant amplitude and modulated duration. The duration of the kth pulse is given as:
where t 0 is the unmodulated pulse width representing Mm(T c )=0, and M is the modulation index=2Dt/T c , T c is the sampling interval, and m(t)=sin v m t is the single tone modulating signal.
FIG. 6 PW M system: (a) transmitter; (b) receiver; (c) waveforms.
At the receiver, the PWM signal, contaminated with noise during transmission, is passed through a slicer in order to regenerate the original transmitted PWM pulse train. Finally, a second order low pass filter is employed to recover the modulating signal located at the baseband region of the PWM frequency spectrum, see Fig. 7( b) .
The essential MATLAB codes for implementing PWM transmission system are shown in the following sections. The codes with minor modifications can be applied to the other PTM schemes.
PW M transmitter MAT L AB codes
The frequencies used for the modulating signal f m and the ramp (carrier) signal f c were 30 kHz and 200 kHz, respectively. The trailing edge modulated PWM pulse train, the ramp and modulating waveforms are shown in Fig. 7(a) . The frequency spectrum of the PWM signal is displayed in Fig. 7( b) , which contains the modulating signal, the carrier frequency and its harmonics and a set of side tones f c ± f m around the carrier and its harmonics. To illustrate distortion during signal transmission a white Gaussian noise signal is added to the PWM signal. The noise is bandlimited and the channel is modelled as a simple first order low first order pass filter. The MATLAB codes for implementing there are listed below.
Channel and noise MAT L AB codes
For an infinite channel bandwidth, the PWM signal with noise and its regenerated version are shown in Fig. 8(a) . A simulation was also carried out to show the effect of bandlimiting the channel on the transmitted PWM signal, and the results, together with the regenerated PWM waveform, are shown in Fig. 8( b) . 
PW M receiver MAT L AB codes
The received PWM signal is regenerated using a slicer and demodulated using a second order low pass filter, see Fig. 9(a) . Also shown for comparison is the input waveform. Reducing the order of the low pass filter results in also passing through high frequency components ( lower side tones) superimposed on the desired recovered output signal as shown in Fig. 9( b) .
DISCUSSION
Computer simulation enables properties of systems to be investigated and complex concepts to be demonstrated. However, system simulation requires a thorough understanding of concepts. In situations where hardware development of systems can prove costly, system simulation provides an attractive alternative approach. The advent of fast and low cost personal computers gives the simulation approach extra importance. System simulation for teaching purposes is very valuable as students can carry out the investigations without the constraints associated with hardware system development (e.g., cost, safety). Mistakes in setting up of hardware may cause serious damage to a system, whereas when simulating it the students can recover from the effect without any problem.
The following codes are used for plotting time and frequency domain waveforms.
CONCLUSIONS
In this article a programming language called MATLAB is used to illustrate how typical communication systems, both analogue and digital, can be simulated and analysed. The techniques presented are valuable for teaching communication engineering or related areas. The case studies carried out clearly demonstrate the effectiveness of computer simulation for teaching complex concepts to undergraduate engineering students.
ABSTRACTS -FRENCH, GERMAN, SPANISH
Techniques de simulation par logiciels dans l'enseignement des systèmes de communication Des simulations sur ordinateur constituent souvent une alternative attrayante au travail expérimen-tal réalisé pour renforcer les concepts théoriques enseignés dans les cours. Dans cet article, MATLAB est utilisé pour démontrer la facilité avec laquelle de nombreaux systèmes de communications peuvent être simulés et leur comportement analysé. Pour illustration, les codes essentiels pour les simulations sous MATLAB sont fournis ainsi que des exemples relatifs à la fois à des schémas de modulation analogique et par impulsions.
Kommunikationssysteme mit Software Simulationstechniken lehren
Computer Simulationen sind oft eine attraktive Alternative zu experimenteller Arbeit, die zur Stärkung der in Vorlesungen gelernten theoretischen Konzepte durchgefü hrt wird. In diesem Artikel wird MATLAB verwendet um zu demonstrieren, wie leicht sich viele Kommunikationssysteme simulieren lassen, und wie ihr Verhalten analysiert werden kann. Um dies darzustellen, werden neben den Probenergebnissen sowohl fü r Anlog-als auch Pulsmodulations-schemen Kodes fü r die MATLAB Simulationen bereitgestellt.
Técnicas de simulación software para la enseñanza de telecomunicaciones Las simulaciones por ordenador resultan frecuentemente una alternativa al trabajo experimental para clarificar conceptos teó ricos aprendidos durante las clases. En este artículo se emplea MATLAB para demonstrar la facilidad con la que muchos sistemas de communicació n pueden ser simulados y sus características analizadas. Como ilustració n, se suministran los principales có digos fuentes de las simulaciones MATLAB junto con algunos resultados para los esquemas de modulació n analó gicas y por modulació n de pulso.
